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Bacterial translation termination is mediated by
release factors RF1 and RF2, which recognize stop
codons and catalyze hydrolysis of the peptidyl-
tRNA ester bond. The catalytic mechanism has
been debated. We proposed that the backbone
amide NH group, rather than the side chain, of the
glutamine of the universally conserved GGQ motif
participates in catalysis by H-bonding to the tetrahe-
dral transition-state intermediate and by product sta-
bilization. This was supported by complete loss of
RF1 catalytic activity when glutamine is replaced by
proline, the only residue that lacks a backbone NH
group. Here, we present the 3.4 A˚ crystal structure
of the ribosome complex containing the RF2 Q253P
mutant and find that its fold, including the GGP
sequence, is virtually identical to that of wild-type
RF2. This rules out proline-induced misfolding and
further supports the proposal that catalytic activity
requires interaction of the Gln-253 backbone amide
with the 30 end of peptidyl-tRNA.
INTRODUCTION
Translation termination in bacteria is mediated by the class I
release factors RF1 and RF2 (reviewed in Dunkle and Cate,
2010; Kisselev and Buckingham, 2000; Klaholz, 2011; Koroste-
lev, 2011; Loh and Song, 2010; Petry et al., 2008; Zhou et al.,
2012), which trigger hydrolysis of the peptidyl-tRNA ester bond
in response to a stop codon presented in the ribosomal A site
(Capecchi, 1967; Caskey et al., 1971; Vogel et al., 1969). RF1
recognizes UAG and UAA, and RF2 recognizes UAA and UGA
(Capecchi and Klein, 1969; Scolnick et al., 1968; Scolnick and
Caskey, 1969); by contrast, a single class I release factor
(eRF1 or aRF1) mediates termination at all three stop codons
in eukaryotic and archaebacterial cells, respectively.
Crystal structures of 70S termination complexes have pro-
vided insights into the mechanism of termination by RF1 and
RF2 (Jin et al., 2010; Korostelev et al., 2008, 2010; Laurberg
et al., 2008; Petry et al., 2005; Weixlbaumer et al., 2008). Both1258 Structure 21, 1258–1263, July 2, 2013 ª2013 Elsevier Ltd All rigrelease factors recognize each nucleotide of the stop codons
via specific interactions of conserved regions of domain 2,
including the PVT and SPF motifs (Ito et al., 2000; Nakamura
and Ito, 2002), which are involved in recognition of the second
nucleotide of the respective stop codons by RF1 and RF2.
Recognition of a stop codon results in rearrangements in the
decoding center, including the stop codon itself and in the uni-
versally conserved nucleotides A1492, A1493 of 16S ribosomal
RNA (rRNA), and A1913 of 23S rRNA. These rearrangements
allow domain 3 of the release factor to dock into the peptidyl-
transferase center (PTC) and catalyze peptidyl-tRNA hydrolysis.
Catalysis is achieved by positioning the universally conserved
GGQmotif located at the tip of domain 3 into the reaction center
(Frolova et al., 1999; Mora et al., 2003; Seit-Nebi et al., 2001;
Shaw andGreen, 2007; Trobro and Aqvist, 2007). TheGGQmotif
is the only functional region that is conserved between RFs of
bacterial, eukaryotic, and archaeal origin. Based on the crystal
structures of 70S termination complexes, release factors have
been proposed to directly participate in peptidyl-tRNA ester-
bond cleavage by providing a catalytic group (Korostelev et al.,
2008, 2010; Laurberg et al., 2008; Weixlbaumer et al., 2008).
Although the importance of the 20-hydroxyl group of ribose 76
of peptidyl-tRNA for the hydrolysis reaction has been estab-
lished (Brunelle et al., 2008; Shaw et al., 2012), the contribution
of the release factors themselves to the catalytic mechanism
has been the subject of debate. Based on its universal conserva-
tion and ubiquitous posttranslational methylation (Heurgue´-
Hamard et al., 2002, 2005, 2006; Mora et al., 2003), the side
chain of the glutamine of the GGQ motif was proposed to be
involved in catalysis (Heurgue´-Hamard et al., 2002, 2005,
2006; Mora et al., 2003; Song et al., 2000). Molecular dynamics
studies have suggested that the glutamine side chain plays a
critical role in catalysis (Song et al., 2000; Trobro and Aqvist,
2007, 2009) by positioning the attacking nucleophilic water
molecule (Trobro and Aqvist, 2009). However, such proposals
are inconsistent with the observation that mutations of the gluta-
mine to shorter or bulkier side chains confer only modest effects
on the rate of peptidyl-tRNA hydrolysis (Mora et al., 2003; Seit-
Nebi et al., 2000, 2001; Shaw and Green, 2007; Shaw et al.,
2012); for example, replacement of the conserved Gln with Ala
confers only a 3.8-fold decrease in rate of peptidyl-tRNA hydro-
lysis by RF1 using an fMet release assay (Shaw and Green, 2007)
and a 4.5- or 4.8-fold decrease for RF1 and RF2, respectively,
using release of the tetrapeptide MFTI as an assay (Mora et al.,hts reserved
Table 1. Data Collection and Refinement Statistics
Data Collection
Space group P212121
Cell dimensions
a, b, c (A˚) 212.07, 454.4, 618.45
a, b, g () 90, 90, 90
Resolution (A˚) 3.4 (3.4–3.5)a
Rp.i.m
b 0.152 (1.1)
CC(1/2)c 99.3 (43)
I / sI 7.84 (1.12)d
Completeness (%) 100 (100)
Redundancy 7.0 (7.2)
Refinement
Resolution (A˚) 50–3.4
No. of reflections 807,927
Rwork/Rfree 0.2343/0.2681
No. of atoms 294,088
Ions modeled as Mg2+ 2,410
Rmsds
Bond lengths (A˚) 0.004
Bond angles () 0.621
aValues in parentheses are for highest-resolution shell.
bI / sI = 2.0 at 3.65 A˚.
cRp.i.m. is the precision-indicating merging R factor (Weiss, 2001).
dCC(1/2) is the percentage of correlation between intensities from
random half-data sets as defined by Karplus and Diederichs (2012).
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(Zavialov et al., 2002), using the sameMFTI release assay, might
be explained by the presence of an additional A246T mutation in
the RF1 construct used in that particular study. In contrast to the
small effects on hydrolysis, Shaw and Green (2007) observe that
the alanine mutation confers a dramatic (14,000-fold) defect
in the ability of the factor to discriminate between water and
other nucleophiles, which they propose is the likely role of the
conserved Gln side chain.
An alternative proposal for the catalytic contribution of the
GGQ motif emerged from high-resolution crystal structures of
70S termination complexes, which revealed that the backbone
amide NH group of the glutamine is positioned to donate a
hydrogen bond that could stabilize both the transition-state
tetrahedral intermediate and the leaving 30-OH group of the ter-
minal nucleotide of the deacylated tRNA (Korostelev et al., 2008,
2010; Laurberg et al., 2008). Thus, the backbone moiety of the
glutamine, rather than its side chain, was proposed to participate
in catalysis of peptidyl-tRNA hydrolysis. To test the involvement
of the backbone amide NH group in catalysis, we previously
measured the peptide release activity of a mutant version of
E. coliRF1, in which the glutamine of theGGQmotif wasmutated
to proline, the only residue that lacks a backbone NH amide
group (Korostelev et al., 2008). This mutation would thus elimi-
nate the ability of the polypeptide backbone to donate a
hydrogen bond to either the transition-state intermediate or the
leaving group. Consistent with the prediction, the peptide
release activity of the proline mutant was completely abolished.Structure 21, 1It remained unclear, however, whether the failure of the proline
mutant to catalyze peptidyl-tRNA hydrolysis was due to loss of
hydrogen-bonding capability or to indirect effects of the proline
mutation, such as misfolding of the GGP motif, conformational
changes in the PTC or obstructing the attack by the nucleophilic
water molecule.
Here, we report the 3.4 A˚ crystal structure of a Thermus
thermophilus 70S termination complex bound with the Q253P
mutant form of RF2. We show that Q253P T. thermophilus RF2
is completely inactive in catalyzing peptidyl-tRNA hydrolysis,
as previously shown for the corresponding proline mutant form
of E. coli RF1 (Korostelev et al., 2008). The crystal structure
reveals that the conformations of the factor and the PTC are
virtually identical in the mutant and wild-type structures and
that no obstruction to attack by the nucleophilic water is intro-
duced by the proline substitution. Together, our findings support
the proposal that the backbone amide NH moiety of the gluta-
mine is indispensable for the catalytic mechanism of translation
termination.
RESULTS
To test the release activity of the T. thermophilus RF2 Q253P
mutant, we prepared T. thermophilus 70S pretermination com-
plex containing mRNA, [14C]fMet-tRNA bound to the P site in
response to an AUG codon, and UAA stop codon in the A site.
The complex was incubated in the presence or absence of
Q253P mutant or wild-type RF2. As expected, incubation with
wild-type RF2 resulted in rapid hydrolysis of [14C]fMet-tRNA (Fig-
ure S1 available online). The Q253P mutant was, however, com-
pletely inactive, showing no detectable release of [14C]fMet,
even after prolonged incubation. These results confirm and
extend our previous finding that the analogous proline mutation
in E. coli RF1 completely abolishes its catalytic activity (Koroste-
lev et al., 2008).
Because of the restriction of backbone torsion angles flanking
proline residues, it cannot be ruled out that loss of catalytic
activity of the Q253P mutant might be explained by distortion
of the fold of the catalytic domain of the release factor; alterna-
tively, substitution of the glutamine by proline might result in
distortion of neighboring elements of the peptidyl transferase
center of the ribosome. To examine these possibilities, we deter-
mined the 3.4 A˚ crystal structure of the mutant Q253P RF2
bound to the T. thermophilus 70S ribosome in response to a
UAA stop codon (Table 1).
The overall position and conformation of Q253PRF2 in the 70S
ribosome are similar to those in previously reported X-ray and
cryo-EM structures of RF1 (Laurberg et al., 2008; Petry et al.,
2005; Rawat et al., 2006; Rawat et al., 2003) and virtually iden-
tical to those of the wild-type RF2 complex (Korostelev et al.,
2008; Petry et al., 2005) (Figure 1). Domain 1 reaches from the
beak of the small subunit to the L11 stalk of the large subunit;
domains 2 and 4 form a superdomain, which is bound to the de-
coding center; and domain 3 spans the interface cavity between
the decoding and peptidyl-transferase centers, with its GGP
motif inserted into the PTC. The all-atom root-mean-square dif-
ference between the Q253P mutant and WT RF2 bound to the
ribosome programmed with a UAA codon (Korostelev et al.,
2008) is 0.7 A˚, similar to the coordinate error at 3.4 A˚ resolution.258–1263, July 2, 2013 ª2013 Elsevier Ltd All rights reserved 1259
Figure 1. Overall Position and Orientation of RF2 Q253P in the 70S
Ribosome
The positions of RF2 Q253P (yellow), P-site tRNA (orange), and M0-27 mRNA
(green) are shown with the structure of the complete T. thermophilus 70S
ribosome, showing 30S and 50S ribosomal proteins (blue and magenta), 16S,
5S, and 23S rRNA (cyan, blue-gray, and gray) in semitransparent rendering.
The position of the site of mutation in RF2, GGP253, is indicated.
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Crystal Structure of 70S Ribosome-RF2 Q253PMutant RF2 interacts with the UAA stop codon in exactly the
same way as wild-type RF2 (Korostelev et al., 2008) (Figures
S2 and S3). The backbone of helix a5 and the conserved SPF
motif form hydrogen bonds with the first (U1) and second (A2)
nucleotides of the stop codon, respectively. The third codon
nucleotide is separated from the second by His-215, which
stacks on A2. The binding pocket for the third nucleotide is
formed by A530 of 16S rRNA, which stacks on A3, and the
conserved Val-203 and Thr-216, which recognize the Hoogsteen
face of A3. Thus, stop codon recognition is unaffected by the
mutation.
The decoding center nucleotides A1492, A1493, and G530 of
16S rRNA are rearranged as previously observed for the interac-
tion of the UAA stop codon with RF1 and RF2 (Korostelev et al.,
2008; Laurberg et al., 2008) and the UAG codon with RF1 (Kor-
ostelev et al., 2010): A1492 is flipped out of helix 44 to stack
on Trp-320 of RF2, and A1913 of 23S rRNA is stacked on
A1493 within helix 44 of 16S rRNA. This arrangement of the
nucleotides in the decoding center allows the packing of the
switch loop of RF2, which connects helix a7 of domain 3 with
domain 4, as described previously (Korostelev et al., 2008; Laur-
berg et al., 2008; Weixlbaumer et al., 2008). Interactions of the
switch loop with the decoding center and helix 69 of 23S rRNA
place helix a7 in a position that allows docking of the GGP motif
into the peptidyl-transferase center (Figure 1). In summary,
the conformations of the codon-recognition domain 2 of the
Q253P mutant and the decoding center of the ribosome are un-
disturbed by the mutation.DISCUSSION
The crystal structure of the 70S termination complex containing
the Q253Pmutant form of RF2 is closely similar to that of the pre-1260 Structure 21, 1258–1263, July 2, 2013 ª2013 Elsevier Ltd All rigviously determined wild-type complex (Korostelev et al., 2008)
(Figures 2, 3, and S4), supporting our proposal for the involve-
ment of the backbone amide NH group of Q253 in catalysis (Kor-
ostelev et al., 2008; Laurberg et al., 2008). The root-mean-square
difference between all atoms in RF2 and the ribosome in the core
of the PTC (residues within 5 A˚ from the GGPmotif, including the
GGP motif itself) between the mutant and wild-type structures is
0.7 A˚, with calculated maximum-likelihood-based coordinate
errors of 0.5 A˚ and 0.6–0.8 A˚ for the structures of the mutant
and wild-type complexes, respectively.
In wild-type release factors, the two glycines of the GGQmotif
adopt backbone conformations that are disallowed for other
amino acids, which helps to explain the drastic (up to 104-fold)
effects of mutations at either glycine (Frolova et al., 1999;
Shaw and Green, 2007). The glycines of the Q253P mutant are
found in the same conformations as those of the wild-type
GGQ motif (Figure 3). A further explanation for the severe effect
of substitution of these glycines is that introduction of a side
chain would block access of the main-chain amide of the
glutamine to the reaction center (Korostelev et al., 2008). The
backbone torsion angles for the proline residue (4 = 64, c =
25) are similar to those found for glutamine 253 in the wild-
type RF2 complex (4 = 48 to 67 and c = 7 to 37) (Kor-
ostelev et al., 2008; Weixlbaumer et al., 2008; Jin et al., 2010)
consistent with the absence of conformational distortion by the
proline mutation. The sole difference observed is a slight shift
in the position of the polypeptide backbone of the GGP motif
and the ribose of A76, caused by the added bulk of the proline
ring (Figure 3). Whereas the main-chain nitrogen of the wild-
type RF2 glutamine is positioned within hydrogen bonding dis-
tance (3.0 A˚) from the 30-OH group of A76, the distance between
the backbone N of proline 253 and the 30-OH of A76 is increased
to4 A˚ (Figures 3 and S4). The1 A˚ distance difference exceeds
the coordinate error of the structure (0.5 A˚) and thus reflects a
rearrangement between structures of the ribosome bound with
Q253P RF2 and wild-type RF2 (Korostelev et al., 2008).
No major rearrangements are found in the conformation of
Q253P RF2 or in the peptidyl transferase center of the ribosome,
ruling out the possibilities that loss of peptide release activity of
the Q253P mutant is due to conformational distortion or binding
defects. Another potential effect of the mutation could be steric
interference of the proline residue with the attacking nucleophilic
water molecule. To address this possibility, we superimposed
the Q253P structure with that of the 70S3 RF2 complex formed
in the presence of a peptidyl-tRNA substrate analog (Jin et al.,
2010) (Figure 4). In the latter study, a putative nucleophilic water
molecule was modeled in the vicinity of the 20-OH and 30-ester
groups of A76. The superposition shows that the water molecule
is positioned more than 4 A˚ away from the proline, making it un-
likely that the Q253P mutation would perturb the position of the
nucleophile. The apparent lack of steric clash between the bulky
proline residue and thewatermolecule is consistent with the high
peptide release activity of a mutant version of RF1 in which the
glutamine of the GGQmotif is replaced with the even more bulky
tryptophan (Shaw and Green, 2007). Since none of the tested
replacements of glutamine, except for the proline mutant,
completely abolished peptide release activity (Korostelev et al.,
2008; Mora et al., 2003; Seit-Nebi et al., 2000, 2001; Shaw and
Green, 2007; Shaw et al., 2012), our findings strongly suggesthts reserved
Figure 2. Superimposition of the Wild-Type
and Q253P Mutant Versions of RF2
(A) Structures of wild-type (blue) and Q253P mutant
(yellow) versions of RF2 from their respective
termination complexes are superimposed to indi-
cate their close conformational similarities. The all-
atom rmsd value for the factors is 0.7 A˚. Domains 1,
2, 3, and 4 are indicated.
(B) All-atom view of the boxed region of domain 3
of RF2. The structure of wild-type RF2 is from
Korostelev et al. (2008).
See also Figures S2 and S3.
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mutant is due to the loss of a catalytic group. We conclude
that the defect of the proline mutant results from the inability of
the backbone nitrogen of proline to donate a hydrogen bond to
the leaving 30-OH group and/or the developing oxyanion of the
transition-state intermediate. Analogous mechanisms have
been proposed for catalysis by other hydrolases, including pro-
teases, esterases, and GTPases, in which the a-NH group stabi-
lizes formation of the product and the developing negative
charge of the transition state (Jaeger et al., 1999; Wilmouth
et al., 2001).
EXPERIMENTAL PROCEDURES
Chemicals and Buffers
Nucleoside triphosphates and tRNAfMet were purchased from Sigma-Aldrich,
radioisotopes from Perkin-Elmer, PfuTurbo DNA polymerase from Agilent
Technologies and other chemicals from Sigma-Aldrich or Fisher Scientific.
Ribosome and RF2 reaction and storage buffer, used in all experiments, con-
tained 25 mM TrisOAc (pH 7.0), 10 mM Mg(OAc)2 (if not otherwise stated),
50 mM KOAc (pH 7.0), and 10 mM NH4OAc. The mRNA M027 [GGC AAG
GAGGUA AAA AUG UAA AAA AAA] was chemically synthesized (IDT) (Koros-
telev et al., 2008; Laurberg et al., 2008).
Mutagenesis and Purification of Thermus thermophilus RF2
In vitro site-directed mutagenesis was performed to replace the glutamine at
position 253 of Thermus thermophilus RF2 with proline using Stratagene
QuickChange. RF2 Q253P mutant protein was purified following the proce-
dure described for RF1 (Laurberg et al., 2008).
Purification of Ribosomes
Ribosomes were isolated from wild-type Thermus thermophilus HB27 cells,
grown in a 120 L fermentor and harvested at mid-log phase, essentially as
described in (Cate et al., 1999). Cell disruption and ribosome purification,
dissociation and reassociation were conducted as described (Laurberg
et al., 2008).
Aminoacylation of tRNAfMet
Aminoacylation and formylation of tRNAfMet was conducted using [14C]fMet for
30min at 37C as described (Lancaster and Noller, 2005). The extent of amino-
acylation was assessed by TCA precipitation of small aliquots and the 14C con-
tent was quantified using scintillation counting as described (Ivanova et al.,
2004).
Termination Assay
Ribosomal pre-termination complexes were generated by incubating Thermus
thermophilus 70S ribosomes diluted to 5 mM final concentration with a 1.5-foldStructure 21, 1molar excess of mRNA (M0-27) and a 0.2 molar equivalent of [14C]-fMet-tRNA
for 30 min at 37C in 50 mM K-HEPES (pH 7.5), 20 mM MgCl2, 75 mM NH4Cl,
and 1 mM DTT buffer. The complexes were then diluted 5-fold in the same
buffer and concentrated by ultrafiltration through 100 kD cutoff Microcon
spin-concentrators to remove unbound [14C]-fMet-tRNA. The dilution and
concentration steps were repeated three times. Purified pretermination com-
plexes were divided into three reactions and a 5-fold molar excess of wild-type
or Q253P RF2 or no release factor was added to each reaction. The reactions
were incubated for 30 min at 37C. Half of each reaction was quenched with
5% (v/v) formic acid (final concentration) after 90 s and the remaining amount
after 30 min. The resulting precipitate, containing ribosomes with still bound
[14C]-fMet-tRNA (as well as other components of the translation mix) was
recovered by centrifugation and dissolved in 20 ml 1 M NaOH. The amount
of released [14C]-fMet in the supernatant and the amount of remaining [14C]-
fMet-tRNA bound to the ribosome in the pellet were determined by scintillation
counting. We define 100% as the sum of [14C]-fMet released plus the [14C]-
fMet remaining bound to the ribosome.
Formation of Ribosomal Termination Complexes for Crystallization
To form ribosomal complexes containing Q253P RF2, Thermus thermophilus
70S ribosomes diluted to 3 mM final concentration were incubated with a
2-fold molar excess of mRNA (M0-27) and a 2-fold molar excess of deacylated
tRNAfMet for 30 min at 37C in 25 mM Tris acetate (pH 7.0), 10 mMmagnesium
acetate, 10 mM ammonium acetate, and 50 mM potassium acetate (pH 7.0)
buffer. A 4-fold molar excess of the Q253P RF2 mutant release factor was
then added to the ribosomal complex in the same buffer, and the reaction
was incubated for an additional 20 min. Prior to crystallization, Deoxy Big
Chaps (Hampton Research) diluted in the reaction buffer was added slowly
to the ribosomal complexes to a final concentration of 1.7 mM.
Crystallization and Cryoprotection
Crystallization was performed essentially as described (Zhu et al., 2011) by
optimizing around previously reported conditions (Korostelev et al., 2008;
Laurberg et al., 2008). Following optimization, crystals were grown by the
sitting-drop vapor-diffusion method using drops containing 1 ml ribosome
complex mixed with 1 ml of reservoir solution [100 mM Tris-OAc, pH 7.0,
200mMKSCN, 3.6%–5%PEG20,000, 3%–11.9%v/v PEG200] for 3–4weeks
at 22.5C. The reservoir solution giving the best-diffracting crystals contained
100 mM Tris-OAc (pH 7.0), 200 mM KSCN, 3. 95% PEG 20,000, 7.5% (w/v)
PEG 20 K. Cryoprotection and crystal freezing were performed as described
(Laurberg et al., 2008).
Data Collection and Structure Determination
Crystals were screened at beamlines 7.1, 9.1, 9.2, 11.1, and 12.2 at the Stan-
ford Synchrotron Radiation Laboratory, and at the SIBYLS beam line 12.3.1 at
the Advanced Light Source, Lawrence Berkeley National Laboratory. X-ray
diffraction data were collected at beamline 12.2 at the Stanford Synchrotron
Radiation Laboratory using the PILATUS 6 M PAD detector, at an X-ray
wavelength of 1.0332 A˚ and an oscillation angle of 0.2. For determining the258–1263, July 2, 2013 ª2013 Elsevier Ltd All rights reserved 1261
Figure 4. Position of a Putative Attacking Nucleophilic Water Mole-
cule in the Context of the Q253P Mutant RF2 Complex
The structure of a termination complex containing a peptidyl-tRNA analog, in
which a nucleophilic water molecule was modeled in the vicinity of the 20- and
30-OH groups of A76 of the peptidyl-tRNA (Jin et al., 2010), was superimposed
on the structure of the Q253P RF2 termination complex. It is evident that the
proline would not present a steric block to the approach of the water molecule
to its target.
Figure 3. Detailed View of the Structures of the Catalytic Sites of
Wild-Type and Q253P Mutant RF2
Interactions between the GGQ and GGP motifs of wild-type (blue) and mutant
(yellow) RF2 with P-site tRNA in the two corresponding termination complex
structures (blue and red, respectively). The close conformational similarity
between the wild-type andmutant structures is evident. A dotted line indicates
H-bonding between the a-NH group of Q253 in wild-type RF2 and the 30-OH
group of the terminal A76 ribose of P-site tRNA (Korostelev et al., 2008). The
bulk of proline 253 results in a1 A˚movement of A76 away fromRF2. See also
Figure S4B for stereo view of the 2Fo-Fc electron density map around the GGP
motif and Figure S4C for stereo view of all-atom representations of the
structures of wild-type (Korostelev et al., 2008) and Q253P mutant (this work)
versions of release factor RF2 termination complexes.
See also Figures S4A–S4C.
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Crystal Structure of 70S Ribosome-RF2 Q253Pstructure of the 70S $ M027 $ tRNAfMet $ RF2(Q253P) complex, one data set
obtained from a single crystal was integrated and scaled using XDS (Kabsch,
2010). Two percent of the reflections were marked as test-set (Rfree set) reflec-
tions and used for cross-validation throughout refinement. The previously
determined X-ray structure of the 70S $ RF2 termination complex obtained
from the same crystal form (Korostelev et al., 2008) was used as a starting
model for molecular replacement. Initial Fobs-Fcalc and 3Fobs-2Fcalc difference
maps were calculated using the structure of the 70S ribosome, excluding RF2,
mRNA and the CCA end of the P-site tRNA to avoid model bias. The density for
the omitted parts of the structure was clearly visible in unbiased Fobs-Fcalc
maps. Structure determination was carried out using PHENIX (Adams et al.,
2002) and CNS (Bru¨nger et al., 1998) as described (Korostelev et al., 2008).
Coot (Emsley and Cowtan, 2004) was used for structure visualization and
calculation of maps averaged using 2-fold noncrystallographic symmetry (Fig-
ures S3 and S4). Figures were rendered using PyMOL (DeLano, 2002). Infor-
mation on data collection and refinement statistics can be found in Table 1.
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